An Arabidopsis cDNA encoding putative phospholipid hydroperoxide glutathione peroxidase (PHGPX) was cloned and sequenced. The cDNA comprised 803 bp and included an open reading frame which encodes a polypeptide of 169 amino acid residues. The deduced amino acid sequence showed about 80 and 50% homology with plant putative PHGPXs and mammalian PHGPXs, respectively. Southern blot analysis suggested that the putative PHGPX gene was a single-copy gene. The expression profile of the putative PHGPX in Arabidopsis under NaCl and Al/Fe treatments, which generate oxidative stress, was analyzed. Northern blot analysis revealed that the Arabidopsis putative PHGPX mRNA levels were increased about 3 and 4.5 times after exposure to NaCl and Al/Fe, respectively. These results suggest that the putative PHGPX gene is induced by oxidative stress in Arabidopsis.
INTRODUCTION
A stressful condition, such as Zn deficiency (Cakmak and Marschner, 1988) , Fe toxicity (Hendy and Brocklebank, 1985) , Al toxicity (Gutteridge et al., 1985) , is limited to improve the growing conditions for plant cells mostly by free radical peroxidation of membrane phospholipid and thiol groups (Thompson et al., 1987) . Phospholipid hydroperoxide glutathione peroxidase (PHGPX) is found in mammals (Ursini et al., 1985) and catalyzes the reduction of hydroperoxides of phospholipids so as to protect biomembranes from oxidative damage. Recently, genes encoding homologs of mammalian PHGPX were isolated from tobacco (Criqui et al., 1992) and citrus cells (Holland et al., 1993) , respectively. The putative PHGPX gene from tobacco was highly expressed in the fresh protoplasts, the leaves exposed to a HgCl 2 , and the leaves infected by green tomato atypical mosaic virus (Criqui et al., 1992) . The gene from citrus has been identified as a gene expressed under the exposure to NaCl (Holland et al., 1993) . It is suggested that NaCl stress generates superoxide-and hydrogen peroxidemediated damage in chloroplasts of plants (Hernandez et al., 1995) . If the putative PHGPX gene is induced by oxidative stress and the protein encoded by the gene catalyzes the reduction of hydroperoxides, it would be a good candidate of the components of the antioxidant systems in plant cells. However, the expression level of the gene under the oxidative stress and the enzymatic function of the protein are unclear. To study this in detail, we cloned a cDNA encoding putative PHGPX from Arabidopsis. The expression profile of the putative PHGPX gene induced by NaCl treatment is compared with that by Al and Fe treatment which generates peroxidation of membrane lipids (Horst et al., 1992) .
MATERIALS AND METHODS
DNA and RNA preparation. Leaves of Arabidopsis (A. thaliana, ecotype Columbia) harvested from 2-week-old plants were quickly frozen in liquid nitrogen and ground to a fine power. Genomic DNA was isolated by the method of Fang et al. (1992) . Isolated DNA was dissolved in TE containing 2.5 M NaCl and precipitated by ethanol in order to remove polysaccharide. The DNA pellet was washed twice with 75% ethanol and dissolved in TE. Total RNA was isolated by the guanidium isothiocyanate method (Ausubel et al., 1987) . Poly(A) + RNA was separated from total RNA with Dynabeads Oligo(dT) 25 (Dynal) and quantified spectrophotometrically.
Reverse transcription PCR (RT-PCR).
Total RNA was reverse-transcribed with an oligo(dT) 16 and the murine leukemia virus reverse transcriptase (Perkin Elmer). The resulting cDNA was subjected to PCR with and Ex Taq (TaKaRa) and two primers designed on the basis of well-conserved amino acid sequences of tobacco and citrus putative PHGPX as follows: sense from VNVASQCG, 5'-GT(AGCT)AA(CT)GT(AGCT)GC(AGCT)(AT)(GC)(AGCT) CA(AG)TG(TC)GG-3'; antisense from VDKEGNVV, 5'-AC (AGCT)AC(AG)TT(AGCT)CC(CT)TC(CT)TT(AG)TC (AGCT)AC-3' (nucleotide 218 to 240 and 524 to 546 in Fig.  1 ). The PCR product of 328 bp was subjected to direct sequencing on both strands by using the Taq DyeDeoxy Terminator Cycle Sequencing kit (Perkin Elmer), with an ABI PRISM 377 DNA Sequencer (Perkin Elmer).
Rapid amplification of cDNA ends (RACE PCR).
RACE PCR was performed using the Marathon cDNA Amplification kit (Clontech). The primers for 3'-and 5'-RACE PCR were synthesized on the basis of the sequence of the RT-PCR product as follows: 5'-GGGCTTACCAACTCAAA CTACAC-3'; 5'-CTTCAAGAACTTATAGATTGGGG-3' (nucleotide 315 to 337 and 440 to 462 in Fig. 1 ). The PCR products of 489 and 462 bp for 3'-and 5'-RACE, respectively, were subjected to direct sequencing on both strands as described above.
Southern and northern blot hybridization. Five µg of genomic DNA digested separately with BamHI, EcoRI, HindIII, and PstI, and 30 µg of total RNA was electrophoresed on 0.8% agarose gel and 1.2% formaldehyde agarose gel, respectively, and transferred onto Hybond-N + nylon membrane (Amersham). The membrane was hybridized with a fragment of the putative PHGPX cDNA (nucleotide 113 to 622) labeled with digoxigenin-11-dUTP using a PCR DIG Labeling Kit (Boehringer Mannheim). Hybridization was performed for 16 h at 42°C in 50% formamide, 5 × SSC, 0.25% non-fat milk powder, 0.1% SDS, and 5 × Denhardt's reagent. The membrane was washed twice with 1 × SSC, 0.1% SDS at room temperature, and twice with 0.1 × SSC, 0.1% SDS at 68°C.
Growth of plants.
A. thaliana seeds were grown in the ARC medium, which consists of 4.3 % of MS salts, 3% of sucrose, 200 mg/l of myo-inositol, 3 ml/l of 6% KH 2 PO 4 stock solution, and 2 ml/l of vitamix (5 mg of vitamin B1, 0.5 mg of vitamin B6, 0.5 mg of nicotinic acid, 1 mg of glycine, 0.5 mg of biotin, and 0.25 mg of folic acid per ml) (Dupuis and Pace, 1993) . After incubation at 20°C for two weeks on an orbital shaker at 80 rpm, plants were transferred to fresh ARC media containing either 0.5 M NaCl (pH 5.8) or 0.1 mM AlCl 3 and 0.1 mM FeSO 4 (pH 4.0). After adequate time of incubation, plants were harvested, frozen in liquid nitrogen, and stored at -80°C.
RESULTS AND DISCUSSION
cDNA and amino acid sequence. The resulting nucleotide sequence, except for the poly(A) sequence, and its deduced amino acid sequence are shown in Figure 1 . A possible open reading frame from a start codon ATG at position 113 to a stop codon TAA at position 620 encodes a polypeptide of 169 amino acid residues with a calculated molecular mass of 18.6 kDa. A putative polyadenylation signal, AATAAA, at position 649 to 654 is found about 150 bp upstream from the 3'-end of the cDNA. The nucleotide sequence of the putative PHGPX gene from A. thaliana showed identity with those of Arabidopsis EST cDNA clones 118F4T7, 118F6T7, and 99N6T7 (Newman et al., 1994) , which may have a full length cDNA corresponding to the putative PHGPX gene.
The deduced amino acid sequence encoded by the A. thaliana cDNA was compared with those of proteins in the SWISS-PROT and PIR data banks. The amino acid sequence of the A. thaliana protein was aligned with plant Fig. 1 . Nucleotide and deduced amino acid sequences of a cDNA encoding A. thaliana putative PHGPX. The nucleotide and the amino acids are numbered from the 5' end of the cDNA and from the initiation methionine residue, respectively. A stop codon is indicated by an asterisk and a putative polyadenylation signal is double-underlined. Nucleotide sequences of primers used for RT-PCR (RT/F, RT/R) and RACE (RA/3', RA/5') were underlined. The nucleotide sequence data reported will appear in the DDBJ, EMBL, and GenBank nucleotide sequence databases under the accession number AD001568. Induction of putative PHGPX gene from Arabidopsis putative PHGPXs ( Fig. 2A ) and mammalian PHGPXs (Fig.  2B) , respectively. Putative PHGPXs from tobacco (Criqui et al., 1992) and citrus (Holland et al., 1993) showed 80 and 82% homology with the A. thaliana protein, respectively. Among mammalian proteins, PHGPXs from human testis (Esworthy et al., 1994) , pig heart (Schuckelt et al., 1991) , pig blastocyst (Sunde et al., 1993) , rat brain (Imai et al., 1995) , and rat testis (Pushpa-Rekha et al., 1995) showed 50, 49, 49, 49, and 49% homology with the A. thaliana protein, respectively. The number of conserved amino acid residues among three plant proteins and among the A. thaliana protein and five mammalian PHGPXs are 125 and 79, respectively. The A. thaliana protein has 169 amino acid residues which is in good agreement with those of plant putative PHGPXs and mammalian PHGPXs, respectively. The mammalian PHGPX is a selenoenzyme, in which the active site is a selenocysteine (SeCys) encoded by a termination codon, TGA, on the gene (Esworthy et al., 1994; Imai Fig. 2 . Alignment of the amino acid sequence of A. thaliana putative PHGPX with those of plant putative PHGPXs (A) and mammalian PHGPXs (B). Gaps, indicated by dash, are introduced in the sequences to maximize the homology, and amino acid residues identical to those in A. thaliana putative PHGPX are indicated by dots. Conserved amino acid residues among plant putative PHGPXs and among A. thaliana putative PHGPX and mammalian PHGPXs are indicated by asterisks at the bottom. The Cys residue corresponding to the SeCys in mammalian PHGPXs is indicated by an arrowhead. The SeCys is indicated by X. Amino acid sequences of mammalian PHGPXs are mature form suggested by Pushpa-Rekha et al. (1995) . AR, A. thaliana putative PHGPX; TB, tobacco putative PHGPX (Criqui et al., 1992) ; CT, citrus putative PHGPX (Holland et al., 1993) ; HT, human testis PHGPX (Esworthy et al., 1994) ; PH, pig heart PHGPX (Schuckelt et al., 1991) ; PB, pig blastocyst PHGPX (Sunde et al., 1993) ; RB, rat brain PHGPX (Imai et al., 1995) ; RT, rat testis PHGPX (Pushpa-Rekha et al., 1995) . Pushpa-Rekha et al., 1995; Schuckelt et al., 1991; Sunde et al., 1993) . The Cys-42 of the A. thaliana protein was identified with the Cys-43 and the Cys-41 of tobacco and citrus, respectively, which were suggested to correspond to the SeCys in mammalian PHGPXs (Criqui et al., 1992; Holland et al., 1993) . The Cys-42 of the A. thaliana protein was also identified with the SeCys of mammalian PHGPXs. In these plant genes, the Cys was encoded by TGT. Therefore, these results suggest that the A. thaliana cDNA encodes a putative PHGPX, in which the Cys-42 might be a catalytic residue.
Southern blot analysis. Southern blot analysis of A. thaliana genomic DNA digested with BamHI, EcoRI, HindIII, and PstI, respectively, which do not digest the A. thaliana cDNA, was carried out using the cDNA of A. thaliana putative PHGPX (Fig. 3) . A single hybridizing band was observed in each lane. This result indicates that the putative PHGPX gene is present as a single-copy gene in A. thaliana.
Induction of the putative PHGPX gene by NaCl and Al/Fe. Activities of antioxidant enzymes are increased by oxidative stress in plant (Matters and Scandalios, 1986; Bowler et al., 1989; Gossett et al., 1994; Hernandez et al., 1995) . It is reported that mRNA level of superoxide dismutase, which catalyzes the dismutation of superoxide into oxygen and hydrogen peroxide so as to defense against oxidative stress in chloroplasts (Asada, 1994) , is increased after treatments with paraquat, sucrose, ethylene, and salicylic acid which trigger oxidative stress (Matters and Fig. 4 . Northern blot analysis of the putative PHGPX mRNA in A. thaliana exposed to NaCl and Al/Fe. Total RNA samples prepared from root cultured A. thaliana exposed to NaCl (A) and Al/Fe (B) for 0, 1, 3, 6, and 12 h were electrophoresed on formaldehyde agarose gel and transferred onto a nylon membrane. The membrane was hybridized with a fragment of the putative PHGPX cDNA (upper). Total RNA on the membrane was stained with methylene blue to confirm equal loadings of RNA in each lane (lower) (Sambrook et al., 1989) . The ribosomal RNA bands are indicated at the right. Fig. 3 . Southern blot analysis of A. thaliana genomic DNA. Genomic DNA digested with BamHI, EcoRI, HindIII, and PstI, respectively, was separated by a 0.8% agarose gel and hybridized with a fragment of the putative PHGPX cDNA. Induction of putative PHGPX gene from Arabidopsis Scandalios, 1986; Bowler et al., 1989) . Thus it is speculated that mRNA level of anti-oxidant enzymes increases in response to oxidative stress, and therefore we evaluated the expression level of the putative PHGPX gene under stressful conditions by northern hybridization. A. thaliana were transferred to the media containing either 0.5 M NaCl (pH 5.8) or 0.1 mM AlCl 3 and 0.1 mM FeSO 4 (pH 4.0). These salt and metal conditions have been suggested to substantially induce the putative PHGPX gene and enhance peroxidation of membrane lipid in roots (Holland et al., 1993; Horst et al., 1992) . After 1, 3, 6, and 12 h of the treatment, total RNA was isolated and hybridized with the cDNA of A. thaliana putative PHGPX (Fig. 4) . Our northern blot detected a single 0.8-kb band in each lane by both NaCl and Al/Fe treatments. The putative PHGPX gene was apparently induced by NaCl treatment for 6 h and by Al/Fe treatment for 3 h. In A. thaliana exposed to NaCl for 6 h and Al/Fe for 3 h, densitometry indicated that the putative PHGPX mRNA levels in total RNA were increased about 3 and 4.5 times, respectively, when compared to A. thaliana before exposing to the stressful conditions. A weak hybridizing band was observed in each RNA of A. thaliana which were not exposed to the stressful conditions. These results show that the putative PHGPX gene is induced by oxidative stress as antioxidant enzymes.
Recently, SeCys-independent glutathione peroxidase gene was isolated from filarial nematode. The deduced amino acid sequence showed 42% homology with human liver SeCys-dependent glutathione peroxidase and SeCys in the active site was substituted by Cys (Cookson et al., 1992) . The enzyme has activity toward phospholipid hydroperoxide and linolenic acid hydroperoxide but no significant activity toward hydrogen peroxide, whereas mammalian SeCys-dependent glutathione peroxidase has activity toward hydrogen peroxide and linolenic acid hydroperoxide but not toward phospholipid hydroperoxide (Tang et al., 1995) . From these results, it is speculated that the A. thaliana putative PHGPX might have different substrate specificity from mammalian PHGPXs, and it is important to purify the A. thaliana putative PHGPX to evaluate the enzymatic function. Expression of the A. thaliana PHGPX gene and purification of the PHGPX protein are in progress to clarify the enzymatic function and the physiological role in plant cells exposed to oxidative stress.
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